This work contributes to the systematic investigation of phosphines. In an attem pt to deter mine the nature, shape, volume and direction of the lone pairs at the phosphorus atoms in phosphines, high resolution X-ray structure analyses of triphenylphosphine, tris(p-methoxyphenyl)phosphine, bis(2,4,6-triisopropylphenyl)phosphine, 1,1 -bis(diphenylphosphino)ethene and 4,5,6-triphenyl-4-phosphaspiro[2.4]hept-5-en have been carried out. New valence force field param eters (TRIPOS force field) are presented which were developed on the basis of the molecular structures of the free phosphines. The results of crystal growing experiments using zone melting techniques are summarized.
Phosphines are im portant ligands in organo-
This work contributes to the systematic investimetallic chemistry and are also used for the con trolling of transition metal-catalyzed reactions. Thus a great interest in the steric and electronic properties of these compounds exists. This interest is based on the assumption that the donor/accep tor properties and the bulkiness of the ligand strongly influence the course of the reaction at a transition metal center. In some cases it is possible to estimate whether electronic or steric effects dominate. For example, the catalytic activity of tris(triarylphosphine)rhodium chloride for the hy drogenation of cyclohexene is strongly dependent on the electronic properties of the para-substi tuent of the triarylphosphine ligand [1] , while the steric effect of the ligand seems to dominate in the nickel(0)-catalyzed oligomerization of butadiene [2] . The understanding of the "ligand system " is the first essential step to a "catalyst design", the rational developm ent of an optimal catalyst sys tem for a specific problem.
The first concept for the description of steric and electronic properties of phosphines was intro duced by Tolman [3] . Today, molecular modeling techniques are more and more used to rationalize structure/reactivity relationships, while high reso lution X-ray structural analyses and ab initio cal culations give an insight into the electronic struc ture of compounds.
* Reprint requests to Prof. Dr. C. Krüger. gation of phosphine ligands. This article presents new valence force field param eters for phosphorus (TRIPOS force field), results of high resolution X-ray structure analyses as well as crystal growing experiments using zone melting techniques.
Molecular Modeling of Phosphines
The structural aspects of phosphines have hith erto extensively been discussed on the basis of the Tolman concept [3] . In recent years molecular modeling methods have become more im portant due to the fast development in com puter tech nology. The investigation of structural aspects of phosphines using molecular modeling methods was not feasible because of the lack of high quality force field param eters for phosphorus.
To our knowledge, the first param eter set for phosphorus was presented for the MM 3 force field [4] , These param eters were developed on the basis of structures of phosphines with low m olecu lar weights determ ined by gas-phase electron dif fraction experiments. In this article a param eter set for phosphorus for the TRIPO S force field is presented developed on the basis of X-ray struc tural data.
In the TRIPOS force field [5] the force field en ergy E pot of a molecule consists of valence contri butions and the energy of the non-bonding inter actions. The valence contributions are computed by harmonic terms for bond lengths and bond angles and by trigonometric functions with an ap propriate periodicity for torsional angles. The non valence contribution is calculated by LennardJones potentials for van der Waals interactions and by Coulomb potentials for electrostatic interac tions (eq. (1 )). The harmonic potentials for the bond lengths and bond angles are defined by the force constants K h and Kö, respectively, and the corresponding reference values b ° and 0 °. The amplitude for the torsional energy reflects the height of the experim ental torsional barriers, while the multi plicity n describes the periodicity of the torsional potential.
In order to describe the geometries of phos phines properly with the TRIPOS force field, the available force field param eters had to be im proved. Firstly, all X-ray structures of free phos phines were taken from the Cambridge Crystallographic Database [6 ] and the reference values for the bond lengths and angles were determined. The result of this search is summarized in Table I . Fig. 1 illustrates the nomenclature used to dis tinguish between saturated carbon atoms and carbon atoms involved in aromatic systems.
In a second step, the force constants K/,, K# and K.0 (bond, angle, torsion) were systematically opti mized on the basis of the X-ray structural data of 1 -8 [7] [8] [9] [10] [11] [12] [13] [14] in order to achieve a sufficient agree ment between the modeled structures and the geo metries obtained from the X-ray scattering experi ments. The force constants given in the TRIPOS force field were chosen as starting position. For the first time the Box-Wilson m ethod was used for this purpose, because this m ethod allows the opti mization of correlated param eters. Details of this m ethod are described elsewhere [15] . The X-ray structures were taken as starting geometries for the minimizations. The hydrogen atoms were calculated (if necessary) in idealized positions and the structures were minimized using the BFGS algorithm (convergence criteria: RMS gradient < 0.01 kcal/(molA)). Fig. 2 shows the superpositions of the modeled structures using the optimized param eter set (Table II) with the refer ence structures. The results of the comparison of the normal coordinates using different criteria are given in Table III .
The m odeled structures describe the reference structures very well with respect to bond lengths and angles. The deviations are in the same order of magnitude as determ ined for the modeling of organic structures [16] . For some compounds it was not possible to model all torsional angles properly. The change of a torsional angle rep resents usually only a small change of the total energy. This is especially the case for structure 8, because the energy difference between the m od eled structure and reference structure amounts Force field calculations have already been car ried out for triphenylphosphine [17] using the pro gram WMIN [18] . However, the developm ent of valence force field param eters was based only on the structure of triphenylphosphine and a different strategy was used:
The reference value for the C -P -C angle and the P -C bond-stretch constant were set to 90° and 3.00 mdyn/A (from spectroscopic data), respec tively. Subsequently, the reference value for the P -C bond length and the C -P -C angle bending constant were modified until an optimal agree ment between the m odeled structure and the geometry obtained from X-ray data was achieved. The RMS value from the comparison of the nor mal coordinates was determ ined to 0.165 A. This is in excellent agreem ent with the RMS value of 0.177 A obtained from our work.
In order to test whether the optimized param eter set allows a physically meaningful estimation of the rotational barrier of the P -C bond in tri phenylphosphine, a "grid search" was carried out. From the plot of the energies of the conformers versus the torsion angle the barrier was estimated to be <0.5 kcal/mol. This is an indication of a free rotation of the phenyl rings. This is in accordance with results of NM R experiments and the model calculation m entioned above. Due to steric interactions it is not possible for the phenyl rings to rotate independently. For the mechanism of coupled rotations a model has al ready been developed from a systematic investi gation of the X-ray structures of compounds with a Ph3PX fragment [19] . This model was confirmed by our model calculation.
The param eter set presented here for the de scription of phosphines in the TRIPOS force field has already successfully been used to study the enantioselective dimerization of olefins controlled by phosphine modified nickel(O) catalysts [20] .
Crystal Growing Experim ents
Many of the phosphines with aliphatic or with a combination of aliphatic and aromatic substituents are liquids at room tem perature. In order to inves tigate the molecular structure of these compounds, special techniques for growing crystals are re quired. Zone melting techniques with focused heat radiation have been shown to be an appropriate method to obtain single crystals of sufficient qual ity for X-ray scattering experiments. The appa ratus used for our experim ents is analogous to that described by Brodalla, M ootz et al. [21] , but was adopted for use on a CAD 4 diffractometer.
G reat care has been taken for the construction of the cooling device because changes in the tem perature of the cold gaseous nitrogen stream have to be kept as small as possible. O ur cooling device keeps the tem perature stable at any desired value within the range from 100 K to 295 K over several weeks with a fluctuation less than 0.2 K. Therefore it was possible to grow crystals at tem peratures only slightly below the melting points of the com pounds. In order to protect the air-sensitive samples from oxidation they were sealed as small droplets of liquids in argon-filled glass capillaries.
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Fig. 3. Superposition of modeled structures (continued lines) and reference structures (dashed lines).
Unfortunately, some of the crystals proved to be unstable during the time of m easurem ent and thus the collection of high resolution data could not be realized. The continuously decreasing crystal qual ity is the result of mechanical stress, because the upper and the lower parts of the capillary contain ing probably poly-crystalline sample are moved out of the center of the cold nitrogen stream dur ing the m easurement and are exposed to tem pera ture variations. The change of the volume of these parts of the sample causes mechanical stress to the enclosed crystal.
So far, we have been able to grow crystals with a sufficient quality for X-ray scattering experi ments for trimethylphosphine 9 [22] , triethylphos phine 10 [22] , phenyl-di(isopropyl)phosphine 11 [23] , tris(ferr-butyl)phosphine 12 [24] and tris-(/7-butyl)phosphine 13 [24] , In order to check the general validity of the valence force field param eters described above these structures were modeled and subsequently com pared to the experimental structures. Fig. 3 shows the superposition of the modeled structures with the reference structures and Table IV sum marizes the results of the comparison of the nor mal coordinates.
The modeled structures describe the reference structures well with regards to the bond lengths and angles. The C -P -C angles of trim ethylphos phine and triethylphosphine are in the range of 99.1 to 99.4° and 98.8 to 100.2°, respectively, and therefore significantly smaller than the mean value determ ined from the compounds stored in the Cambridge Structural Database. This explaines the slightly higher RMS deviations for the bond angles.
High Resolution X-Ray Analyses
In an attem pt to determine the nature, shape, volume and direction of the lone pairs at the phos phorus atoms in phosphines, high resolution X-ray analyses of triphenylphosphine 1, tris(/?-methoxyphenyl)phosphine 14, bis(2,4,6-triisopropylphenyl)-phosphine 15, l,l-bis(diphenylphosphino)ethene 16 and 4,5,6-triphenyl-4-phospha-spiro[2.4]hept-5-en 17 have been carried out. The details for the technique of high resolution X-ray scattering experiments have already been described [25] . Experim ental details of our investigations are given in the footnotes.
In this paper the description of the ED D distri butions and the static E D D distributions obtained from a multipole expansion of the structure model using the program MOLLY [26] is restricted to the environment of the phosphorus atoms. The structures investigated are shown in Fig. 4 together with their numbering scheme. The X-ray structures of triphenylphosphine [7] , tris(/?-methoxyphenyl)phosphine [27] and l,l-bis(diphenylphosphino)ethene [28] have already been deter mined but (X -X )analyses have hitherto been unknown. (Fig. 6 ). This observation is in contrast to lone pairs of nitrogen, which are in all cases very pronounced [25, 30] . Fig. 7 and 8 present the dynamic ED D distri bution and static ED D distribution in the plane C l -P -D u of tris(p-methoxyphenyl)phosphine 14 [31] . The positive ED D near the phosphorus atom is shifted towards the position of C 1. This can also be recognized in the static EDD, although it is less pronounced. We have no satisfactory explanation for this observation except an incorrect phasing of the data.
In bis(2,4,6-triisopropylphenyl)phosphine 15 [32] , two bulky substituents with a positive induc- l,l-bis(diphenylphosphino)ethene 16 [33] con tains two phosphorus atoms with different and distinguishable sterical environments. The phenyl substituents at phosphorus atom P I are oriented towards the C -C double bond, while the substi tuents at phosphorus atom P2 are turned away. At phosphorus atom P2 a clearly pronounced, posi tive E D D occurs at the position of the lone pair, while this is not the case for phosphorus atom P 1 ( Fig. 11 and 12 ). This difference is not clearly visible in the static E D D distributions ( Fig. 13  and 14) , but it still can be recognized. The differ ent orientations of the phosphorus atoms are re flected by the different shapes of the positive E D D at the phosphorus atoms. However, these differences might be restricted to the solid state, as both phosphorus atoms are indistinguishable in NMR experim ents [28] , In the last example, 4,5,6-triphenyl-4-phosphaspiro[2.4]hept-5-ene 17 [34] , the phosphorus atom is a part of a strained ring system. The ED D distri bution and the static ED D distribution are shown in Fig. 15 and 16 . In this case, the positive EDD at the position of the lone pair is clearly visible.
The results of the few examples under inves tigation here are surprisingly different and indi cate a very complex electronic structure of the phosphorus atoms. This is especially reflected by the results for l,l-bis(diphenylphosphino)ethene, where at the two phosphorus atoms different ED D distributions were observed.
However, one im portant result of the present investigations is that the positive EDD at the posi tion of the lone pairs of the phosphorus atoms is not as characteristic and pronounced as it is for Ncompounds. This indicates a larger s-character of the lone pairs as it is suggested by all recent theo retical studies [35] , This presumption is especially Fig. 11 and 12 . E D D distribution in the plane C l -P -D u and C l -P 2 -D u 2 . respectively, of l,l-bis(diphenylphosphino)ethene, contours at 0.1 e/A 3, zero and negative contour lines are dashed. Unfortunately, it is very difficult to get crystals of other phosphines with a quality necessary for high resolution X-ray scattering experiments. Ongoing investigations in combination with theoretical cal culations are expected to achieve a better under standing of the sterical and electronical aspects of phosphines. This is essentially important in context with the stoichiometric and catalytic reactions con trolled by phosphine-transition metal complexes.
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